The biosynthesis of wax esters by the psychrophilic bacterium Micrococcus cryophilus has been investigated using radio-gas chromatographic analysis of the constituent fatty acid and fatty alcohol moieties. Degradation studies, using cx-oxidation, and the kinetics of labelling from radioactive precursors show that wax ester fatty alcohols are derived from fatty acids. Based on different labelling patterns in wax esters and phospholipids formed from acetate or a saturated fatty acid supplied exogenously, two pathways of wax ester biosynthesis are proposed. It is suggested that wax esters can be derived in the main from either a cytoplasmic or a membranebound pool of fatty acyl-coenzyme A thioesters and alcohols, depending on whether the fatty acid is synthesized endogenously or is supplied exogenously.
INTRODUCTION
The psychrophilic bacterium Micrococcus cryophilus contains relatively large amounts of wax esters, which represent 14% of the total lipid. The major wax esters are C36 with one (36 : 1) or two (36:2) double bonds, with smaller amounts of C3* and C34 components, reflecting the predominance of 18:O and 18:l fatty acids and fatty alcohols (Russell, 1974; Russell & Volkman, 1980) . The unsaturated acids and alcohols are mainly A9 isomers; smaller amounts of A1 isomers are also present, particularly in the alcohols. Changes in growth temperature lead to changes in the unsaturation, chain length and proportion of A* isomers (Russell & Volkman, 1980) . This is in direct contrast to the phospholipids, which contain exclusively A9 isomers, and which respond to growth temperature changes by altering chain length, but not unsaturation (Russell, 1974) . It has been argued that all of these changes are part of a mechanism whereby the bacterium regulates its membrane fluidity in response to alterations of temperature.
Although wax esters are widespread in nature, there have been relatively few studies of their biosynthesis, especially in bacteria. The fact that the combination of fatty acids and fatty alcohols in the wax esters of M . cryophilus is random (Russell & Volkman, 1980) , suggests that the factors (e.g. temperature) that determine wax ester structure do so by regulating the nature of the acid and alcohol pools. The present paper gives the results of experiments designed to give information on the biosynthesis of the fatty acid and fatty alcohol moieties of the wax esters in M . cryophilus.
Incorporation of radioactive precursors into lipids
The radioactive precursors, sodium [U-14C]acetate and [ 1 -l 4C]palmitic acid were incorporated into lipids of M . cryophilus extremely rapidly, i.e. within a few seconds (Fig. l a , b) .
Radioactive labelling of phospholipid reached a plateau after 15-30 min, whereas that of wax ester peaked between 2 and 30min (depending upon the precursor) followed by a gradual decline. The amount of incorporation of radioactive sodium acetate into wax esters was < 5 % of that in the phospholipids.
The kinetics of incorporation of radioactivity from the various precursors into the fatty acids and fatty alcohols was similar to that of the intact wax esters (Fig. 2a, b) . However, close inspection of the data shows that for each precursor, incorporation into the fatty acid reached a peak value before incorporation into the fatty alcohol (Fig. 2a, b) .
Metabolism of wax ester fatty acids and fatty alcohols Analysis of the constituent fatty acids and fatty alcohols of the wax esters using radio-GLC allowed changes in their chain length and unsaturation to be followed. There was a large difference in the labelling patterns obtained using these two precursors, particularly when the time course of incorporation was followed (Tables 1 and 2 ). Initially, acetate was incorporated into C18 (mainly C,8:o) rather than C,, fatty acids and alcohols, which were progressively desaturated to C l S Z 1 (40% in fatty acid, 20% in fatty alcohol) ( Table 1) . In complete contrast, although much larger amounts of palmitate were incorporated, the majority remained as c16:O in both fatty acid and alcohol, which were only slowly elongated and/or desaturated ( Table 2 ). The small amount of change in fatty acid was from c 1 6 : O to C18:1, with little appearance of C l b z 1 , whereas the fatty alcohol showed some change from C16:o to C16:1 together with C16:o to 
a-Oxidation studies
The wax ester fatty acids and fatty alcohols isolated from bacteria incubated with sodium [U-14C]acetate or [ l-14C]palmitic acid were subjected to chemical a-oxidation in order to reveal the pattern of radioactive labelling along the carbon chain. When acetate was the precursor, both acid and alcohol were labelled relatively uniformly along the length of the carbon chain. In contrast, when palmitate was the precursor the radioactivity remained at the original l-i4C position with very little (< 5%) randomization of the label.
Biosynthesis of wax esters from acyl-CoA
Incubation of a bacterial lysate with [l-14C]stearoyl-CoA led to a large proportion (64-1 % after 10 min) being P-oxidized. There was a rapid incorporation of radioactivity into wax esters, which reached a plateau after 5-10 min (Fig. 3) , when 10.9% of the added stearoyl-CoA was in wax esters. The remainder of the substrate was incorporated into phospholipids. Of the radioactivity incorporated into wax esters, approximately equal amounts were recovered from the fatty acid and fatty alcohol moieties (1090 and 973 d.p.m. per ml original lysate, respectively) after a 4 h incubation with stearoyl-CoA.
DISCUSSION
Before discussing the present data on wax ester biosynthesis in M . cryophilus, it is appropriate to consider the three possible metabolic routes based on studies in animal and plant tissues: (i) reversal of an esterase reaction, resulting in the esterification of a fatty acid with a fatty alcohol, (ii) acyl group transfer from a phospholipid to a fatty alcohol catalysed by an acyl transferase, and (iii) direct esterification of an activated fatty acid (e.g. acyl-CoA) with a fatty alcohol catalysed by an acyl-CoA : alcohol transacylase.
The first route, direct esterification of a fatty acid, has not been demonstrated in lipid biosynthetic pathways, including wax ester biosynthesis (e.g. see Pollard et al., 1979 ) and so will not be considered further here, particularly in view of the following discussion.
The second route, acyl transfer from a phospholipid to a wax ester, seems unlikely in M . cryophilus, since the amount of radioactivity from palmitate found in wax esters decreased whilst that in phospholipids was increasing (Fig. 1 b) . Although this does not prove that there is acyl transfer in the reverse direction, i.e. from wax esters to phospholipids, it probably rules out the second route as a mode of synthesis of wax esters. Wu et a/. (1981) also showed that jojoba seed does not synthesize wax esters at the expense of phosphatidylcholine acyl chains. It would appear, therefore, that the most probable pathway of wax ester biosynthesis in M. cryophilus is by an acyl-CoA:alcohol transacylase. Direct proof of this was obtained by incubating cell-free extracts with stearoyl-CoA, which was incorporated readily into wax esters (Fig. 3) . This is the most common mechanism for wax ester biosynthesis, being found in algae (Kolattukudy, 1970) , plants (Kolattukudy, 1967) , animals (Grigor & Harris, 1977) , copepods (Sargent et al., 1976) and another bacterium, Mycobacterium smegmatis (Wang et al., 1972) .
The kinetics of labelling from radioactive precursors (Fig. 2a, b) and the degradation studies using a-oxidation indicated that the alcohols were derived directly from fatty acids. The reductase that carries out this reaction in M. cryophilus is membrane-bound (G. M. Lloyd, unpublished results) .
The two major classes of lipid in M . cryophilus are phospholipids and wax esters, and it is relevant to consider whether they draw acyl chains from a common or separate pools. Although acyl-CoA is a substrate for wax ester biosynthesis (see above), it does not serve as substrate for desaturation and is probably not the main donor for phospholipid biosynthesis (Foot et al., 1983) ; the latter is probably served by acyl-ACP (Raetz, 1978) , but stearoyl-ACP is not converted directly to wax esters by cell-free extracts of M . cryophilus (Foot, 1980 ). Thus we can envisage an acyl-CoA 'track' leading to wax esters and an acyl-ACP 'track' leading to phospholipids, the tracks being connected by an acyl-CoA : ACP transacylase enzyme (Fig. 4) .
The differences in the labelling patterns in wax esters depending on whether the precursor is acetate or palmitate can be explained on the basis of the origin of the acyl-CoA (Fig. 4) . Exogenous acetate is taken up and metabolized by fatty acid synthetase to give a mixture of endogenous 16:O-ACP and 18:O-ACP. These ACP-thioesters are subject to a variety of metabolic interconversions including phospholipid biosynthesis, desaturation and formation of acyl-CoA. The latter is the substrate for wax ester synthetase, and initially after addition of radioactive acetate this produces saturated wax esters containing C, 8 (and some C, 6) acids and alcohols. These saturated wax esters are not desaturated per se, and the appearance of unsaturated wax esters, containing largely C, 8 : acids and alcohols, results from the equilibration of unsaturated acyl chains from phospholipids or acyl-ACP (cf. Foot et al., 1983) with the cytoplasmic acyl-CoA pool.
In contrast, exogenous fatty acids, such as palmitate, are converted directly to acyl-CoA as part of the uptake mechanism (Klein et al., 1971) . Since the wax ester synthetase is membranebound (G. M. Lloyd, unpublished results) , this would provide a distinct pool of palmitoyl-CoA at the membrane for wax ester synthesis. Therefore, the addition of exogenous palmitate leads initially to saturated wax esters containing essentially C16 (with very few C1,) acids and alcohols. Once in the wax esters, the acids and alcohols undergo little equilibration with the cytoplasmic pools of acyl-CoA and acyl-ACP. So there is much less of a time-dependent change to unsaturated wax ester (containing (218 : acid and alcohol) synthesis, compared with experiments in which acetate is the precursor.
In comparison with these results, it has been suggested that in the jojoba seed there are two distinct acetyl-CoA compartments (Shine et al., 1976; Ohlrogge et a[., 1978) . Compartment I contains de nouo fatty acid synthesis as well as palmitoyl-ACP elongation and stearoyl-ACP desaturase pathways, the entire biosynthetic sequence to oleate appearing to take place on an ACP 'track'. Unesterified fatty acid, released from this ACP 'track', is considered to be transported into compartment I1 where it is converted to an acyl-CoA thioester, elongated and incorporated into a wax ester.
The pathways described above for M . cryophilus, summarized in Fig. 4 , provide an explanation of the labelling patterns observed. Although they may be an oversimplified view of the mechanisms operating in uiuo, they provide a basis for future experiments on wax ester biosynthesis in this psychrophilic bacterium.
